Chick wing bud mesenchymal cell micromass culture allows the study of a variety of developmental mechanisms, ranging from cell adhesion to pattern formation. However, many cells remain in contact with an artificial substratum, which can influence cytoskeletal organisation and differentiation. An ultrasound standing wave trap facilitates the rapid formation of 2-D monolayer cell aggregates with a defined zero time-point, independent from contact with a surface. Aggregates formed rapidly (within 2 min) and intercellular membrane spreading occurred at points of contact. This was associated with an increase in peripheral F-actin within 10 min of cell-cell contact and aggregates had obtained physical integrity by 30 min. The chondrogenic transcription factor Sox9 could be detected in cells in the ultrasound trap within 3 h (ultrasound exposure alone was not responsible for this effect). This approach facilitates the study of the initial cell-cell interactions that occur during condensation formation and demonstrates that a combination of cell shape and cytoskeletal organisation is required for the initiation and maintenance of a differentiated phenotype, which is lost when these phenomena are influenced by contact with an artificial substrate.
Introduction
Chondrogenesis is a multi-step developmental process leading to the formation of skeletal tissues such as cartilage (reviewed in Delise et al., 2000 and Shimizu et al., 2007) . Mesenchymal cells in the developing limb bud deposit extracellular matrix, form tightly-packed condensations, then differentiate into chondrocytes, proliferate and mature. Each step of chondrogenesis can be classified by the expression of a different set of transcription factors, cell adhesion molecules and extracellular matrix components. An expanded knowledge of the signalling pathways and mechanisms that lead to chondrogenic differentiation is of interest as it would aid technological progression in being able to repair damaged cartilage (Woods et al., 2007) .
Chick wing bud mesenchymal cells (herein referred to as wing bud cells) provide a model system for studying chondrogenic differentiation in vitro following precartilaginous condensation (aggregation) and adhesion (Ahrens et al., 1977; Delise and Tuan, 2002a,b; Tuan, 2003; Yoon et al., 2000) . Cell condensation occurs in vivo at stage 23 (Hamburger and Hamilton, 1951; Szebenyi et al., 1995) and is a prerequisite for chondrogenesis (Oberlender and Tuan, 1994) . Chondrogenesis occurs in vitro when wing bud cells are cultured at a high density under anchorage-independent conditions, i.e. on agarose (Tavella et al., 1994) or as a micromass culture (Ahrens et al., 1977; Yoon et al., 2000) . Cell aggregates form within 12-24 h of plating out (Ahrens et al., 1977) .
The cell adhesion molecules NCAM (neural cell adhesion molecule) and N-cadherin (neural cadherin) confer specific intercellular adhesion during condensation and are required for primary chondrogenesis Delise and Tuan, 2002a; Stott et al., 1999; Tavella et al., 1994; Tuan, 2003) . Functional inhibition of the latter factors with antibodies inhibits condensation, thus preventing chondrogenesis (Oberlender and Tuan, 1994; Widelitz et al., 1993) . However, their continued expression following condensation also inhibits chondrogenesis (Fang and Hall, 1999; Tuan, 2003) . Furthermore, inhibition of the expression of cadherin-7 through RNA interference in stage 22/23 chick wing bud mesenchymal cells prevented precartilaginous condensation and chondrogenic differentiation, as assessed through PNA and Alcian blue labelling (Kim et al., 2009) . Gap junctions assembled from connexins form between cells and are required for chondrogenesis (Zhang et al., 2002) . Coelho and Kosher (1991) (Coelho and Kosher, 1991) . In addition to intercellular junctions, signalling via cyclic AMP has been shown to upregulate expression of type II collagen and the core protein of aggrecan in high-density cultures of limb mesenchymal cells, which does not occur when cells are subconfluent . Expression of the transcription factor Sox9 is required for the initiation of chondrogenesis (Akiyama et al., 2002 (Akiyama et al., , 2004 Bi et al., 1999; Hardingham et al., 2006; Healy et al., 1999; Kulyk et al., 2000) , resulting in the expression of Sox5, Sox6 (Akiyama et al., 2007) , and type II collagen (Kulyk et al., 2000) . Sox9 is first detected in stage 22 embryos at sites of mesenchymal condensation (Healy et al., 1999) . Stage 24/25 chick wing bud cell micromass cultures showed increased Sox9 mRNA expression from 2 h which peaked at between 20 and 65 h (Kulyk et al., 2000) . Sox9 expression is reduced in chondrocytes plated out at a low density, but is restored when cells treated with cytochalasin D (CytD) adopt a rounded morphology (Tew and Hardingham, 2006) .
It would be desirable to form wing bud cell aggregates free from contact with an artificial substrate, allowing the role that initial cell-cell adhesion plays in orchestrating development to be studied in a manner more comparable to events in vivo although in the absence of extracellular matrix. Little is known about the initial spatio-temporal development of adhesion following cell-cell contact, which is central to cytoskeletal organisation, polarisation and development (Carthew, 2005; Grunwald, 1991) . Two inherent problems exist with current methods of study, in that (a) adhesion to a substrate, e.g. a plastic culture dish coated with a natural or mimetic extracellular matrix, can orchestrate cytoskeletal remodelling via integrins (Cavalcanti-Adam et al., 2006; Chen et al., 2006; Feng et al., 2005; Galler et al., 2006; Yap and Kovacs, 2003) , and (b) it is technically challenging to bring together populations of cells in a controlled and coordinated manner to study the progression of cell-cell adhesion with a defined zero time-point. Paired micropipettes (Chu et al., 2004) and optical trapping (Andersson et al., 2007; Hormeno and Arias-Gonzalez, 2006) are limited by the number of cells that can be manipulated. To address these difficulties, an ultrasound standing wave trap (USWT) has been developed. This levitates particles en masse, bringing them together to form a 2-D monolayer aggregate under continuous microscopic observation (Bazou et al., 2005a (Bazou et al., , b, 2006 Coakley et al., 2004; Hertz, 1995) . Suspended particles are drawn into a pressure node (induced by the standing wave) in the surrounding aqueous medium, where inter-particle attractive forces (e.g. hydrophobicity or van der Waals) result in close molecular interactions between adjacent cells (Bazou et al., 2005b) . Stable 2-D aggregates of interacting mammalian cells in physiological media can be rapidly assembled that form adhesive complexes and show cytoskeletal remodelling (Bazou et al., 2005a (Bazou et al., , 2006 Edwards et al., 2007) . The current study was designed to determine how initial intercellular interactions could initiate chondrogenesis in limb buds in vitro, independent from contact with an artificial substratum, by levitation in an USWT.
Abbreviations

USWT ultrasound standing wave trap CytD
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Materials and Methods
Chick wing bud cell preparation Fertilised White Leghorn chicken eggs (Henry Stewart & Co., Ltd., Louth, Lincolnshire, UK) were incubated at 37ºC and wing buds were dissected from stage 23 embryos (Ahrens et al., 1977; Cottrill et al., 1987; Hamburger & Hamilton, 1951 Plated-out cells were cultured for 18 h to allow recovery of cell surface molecule expression following preparation (Oberlender and Tuan, 1994) , then washed in PBS and incubated for 3 min at 37ºC in Accutase (Sigma Aldrich). Cells were recovered by centrifugation and resuspended in serum-free medium [Dulbecco's Modified Eagle's Medium (Invitrogen); 2 mM L-glutamine (Invitrogen); 100 U/ml penicillin (Invitrogen); 100 μg/ml streptomycin (Invitrogen)]. Cell suspensions were filtered through 20 μm Nitex, viability was assessed, and concentration adjusted as required. Where required, cells were treated with 1 μM CytD in dimethylsulphoxide (DMSO) (Sigma Aldrich).
The ultrasound trap
The development and use of a half-wavelength USWT has been described previously (Bazou et al., 2005a (Bazou et al., , 2006 Coakley et al., 2004) . In summary, a steel chassis was fabricated and fitted with a transducer below a sample chamber (depth= 0·5 mm; effectively the wavelength of ultrasound in water ÷ 2). This was sealed with a quartz reflector, allowing optical access. Ports allowed the introduction and removal of samples. The transducer was driven at a nominal frequency of 1·5 MHz by a sine wave generated by a Hewlett Packard (Bracknell, Berkshire, UK) 33120A signal generator. The USWT was mounted on an Olympus BX-41 microscope fitted with an F-View II G.O. Edwards et al. Chondrogenesis in levitated chick wing bud cells camera (Olympus UK Ltd., London, UK), and connected to a computer running the Cell-A image acquisition software package (Olympus UK Ltd.). Low intensity pulsed ultrasound can up-regulate Sox9 expression and enhance chondrogenesis (Hsu et al., 2006; Ikeda et al., 2006; . Although the USWT is non-pulsed, a quarter-wavelength USWT (Martin et al., 2005) was used to determine whether ultrasound exposure could directly influence cells cultured on microscope slides.
Aggregate image analysis
Analysis of the dynamics of aggregation (based on area) allows the point of completion to be determined, when all initial cell-cell interactions have occurred. Cells were introduced into the USWT and aggregation was monitored by capturing images through a ×5 objective lens every 10 s over 5 min. All subsequent image analysis was carried out using Image-J 1.39 (Rasband, 1997 (Rasband, -2007 .
Micrographs were converted to binary images by applying a threshold and the brush tool was used to ensure that thresholded cells were not in contact with any background noise in the image (Coakley et al., 2004) . A region of interest (ROI) was selected around the thresholded aggregate using the wand tool, and ROI area plotted against aggregate age. The development and strength of aggregate physical integrity (through cell-cell adhesion) was determined by sedimentation analysis (Coakley et al., 2004; Edwards et al., 2007) . Ultrasound was terminated following aggregate formation which led to sedimentation onto the USWT surface. Aggregate area was measured following sedimentation and after a further 3 min. Physical integrity was expressed as the % increase in area at 3 min following sedimentation. Cells that were not strongly adhered to one another detached and rolled away from the aggregate on sedimentation, leading to an increase in aggregate area.
Assessment of cell death
Ultrasound has previously been employed as a cell disruption tool, on account of its ability to permeabilise cell membranes . Cell death can also lead to reduced membrane integrity, allowing the membrane-impermeable fluorescent dye ethidium homodimer to enter cells (Decherchi et al., 1997) . Cells (3×10 5 cells·ml -1 ) suspended in serum-free medium containing 1 μM ethidium homodimer (Invitrogen) were introduced into the USWT and aggregation was initiated. Total aggregate area and the area of fluorescing cells at 3 min and 30 min were determined and the ratio of the area of fluorescing cells to the aggregate area indicated the proportion of cells with compromised membrane integrity within the aggregate (Edwards et al., 2007) . As a control, cells were incubated in 1 % v/v Triton X-100 (Sigma Aldrich) for 30 min at 4°C to artificially permeabilise membranes prior to aggregation.
Visualisation of F-actin
F-actin remodelling occurs following cell-cell contact. Aggregates (3×10 6 cells·ml -1 ) were recovered from the USWT, placed on 'Histobond' microscope slides (R. A. Lamb Ltd., Eastbourne, UK), and fixed in 90 % v/v ethanol for 5 min. Fixed cells were permeabilised with 0·1 % v/v Triton X-100 (Sigma Aldrich) in PBS for 15 min then blocked in 1 % v/v goat serum (Sigma Aldrich) in PBS for 30 min. F-actin was labelled with 10 U/ml phalloidinAlexa488 conjugate (Invitrogen) for 20 min. Slides were washed in PBS, rinsed in distilled water, mounted in VectaShield containing DAPI (Vector Laboratories Ltd., Peterborough, UK), and observed under UV excitation with the Olympus BX41 microscope. Linear ROIs tangential to the cell-cell interface that extended into both cells provided F-actin intensity plot profile data. Experiments were carried out in triplicate. Five sets of measurements were taken from each of five fields of view per replicate, a Gaussian distribution was confirmed in Prism, and data were pooled to give a single reading for each replicate. To correct for background, the mean actin intensity value from between 2 and 4 μm either side of the cell-cell interface was taken as a 'baseline' value and subtracted from all mean intensity values; hence values presented here essentially describe increased actin at the cell-cell interface compared to the neighbouring cytoplasm (Edwards et al., 2007) .
Indirect immunofluorescence detection of Sox9
The transcription factor Sox9 was used as an early-stage biomarker for the initiation of chondrogenesis. Cells (3×10 6 cells·ml -1 ) were introduced into the USWT, and aggregates were removed and placed on Histobond slides at predetermined time points. These were fixed in 4 % w/v paraformaldehyde (Sigma Aldrich) for 15 min at 4°C, then permeabilised and blocked (for 1 h) as described above. Slides were incubated in 2 μg·ml -1 rabbit anti-Sox9 primary antibody (AbCam, Cambridge, Cambridgeshire, UK) for 2 h, washed three times in PBS, then incubated for 1 h with 40 μg·ml -1 goat anti-rabbit-FITC conjugate (AbCam). Slides were washed in PBS then distilled water, before being mounted in VectaShield (Vector Labs, Burlingame, CA, USA) containing 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) and examined microscopically. Stage 23 wing buds were washed in phosphate buffered saline (PBS), fixed in 4 % paraformaldehyde, then washed in PBS containing 5 % w/v sucrose. Wing buds were mounted in OCT embedding matrix (R.A. Lamb, Eastbourne, East Sussex, UK) on dry ice and placed on a chuck for use with a cryostat (Bright OTF 5000; Bright, Huntingdon, Cambridgeshire, UK). Sections (10 μm) were placed on 'Histobond' slides (VWR, Lutterworth, Leistershire, UK). Embedding matrix was removed by washing in PBS for 10 min and Sox9 was labelled as described above.
Results
Aggregation characteristics
Aggregates formed within 30 s of levitation and were complete within 2 min (Fig. 1A,B) , indicating that all initial cell-cell interactions occur within this time. Aggregates were initially 2-D in form, as has been reported previously (Bazou et al., 2005b 
DF= 3). (D)
Based on ethidium homodimer dye exclusion, ultrasound exposure in the USWT did not kill significant numbers of cells (2·98±0·8 % dye-loaded cells at 3 min; 3·89±0·7 % dye-loaded cells at 30 min; one-tailed, unpaired t-test: P= 0·217, DF= 6). Exposure to the detergent Triton X-100 resulted in dye entering cells, as a control demonstrating 100 % compromised membrane integrity. Bar=50 μm.
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in the centre of the aggregate. The lateral radiation force was approximately 100 times smaller than the axial radiation force (Woodside et al., 1997) and so at high cell concentrations, the lateral radiation force was not sufficient to maintain cells within a 2-D aggregate with a large diameter, and so cells are attracted by the axial radiation force and start piling up in the z-axis, thus giving rise to multiple layers within the middle of the aggregate. Physical integrity (3×10 5 cells·ml -1 ) was assessed by retention of form following sedimentation and did not increase beyond 30 min ( Figure 1C ). Membrane integrity did not change significantly over 30 min (Fig. 1D) . When membrane integrity was compromised with 1 % v/v Triton X-100, all cells were labelled with ethidium homodimer (Fig. 1D) .
At 24 h, plated-out cells possessed a fibroblastic morphology ( Fig. 2A) . Cells in suspension initially possessed a rounded morphology, which was lost during aggregation as cells became more densely packed and flattened at points of contact ( Fig. 2B-D , taken at 15 s, 25 s and 55 s respectively). Aggregate formation was accompanied by a reduction in intercellular voids as cells became compacted together.
Cytoskeletal reorganisation
Cryosections were taken from stage 23 wing buds and labelled for F-actin, which was present around the cell periphery (Fig. 3A) . In cells that were cultured on coverslips for 24 h, F-actin was present in the form of stress fibres (Fig. 3B ). Following incubation with 1 μM CytD for 17.5 h, the cells rounded up and depolymerised 
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their actin stress fibres (Fig. 3C ). F-actin was located in the cytoplasm of unsonicated cells that were fixed immediately following plating out onto 'Histobond' slides (Fig. 3D) . Removal from the trap to fixation took 1 min, and this time is included in the following analysis (the same is true for the immunofluorescence results). By 2 min incubation in the USWT, F-actin was mainly cytoplasmic, but had begun to localise to the cell periphery at points of cell-cell contact (Fig. 3E ). Strong labelling of junctional F-actin was evident within 11 min (Fig. 3F ) of cell-cell contact. The fluorescence intensity of labelled Factin at the cell-cell interface was quantified and increased with time post-contact (Fig. 3G) . Peak actin fluorescence intensity was plotted against the percentage increase in aggregate area following sedimentation (from Fig. 1C ) at comparable time-points (Fig. 3H ). This plot indicated that increased junctional F-actin and the development of aggregate physical strength occurred along the same timescale.
Sox9 Expression
Nuclear localisation of Sox9 was evident in cryosections of stage 23 wing buds ( Fig. 4A; n=6) ; however, this was lost when isolated cells were plated out for 24 h ( Fig. 4B ; n=6). When cells were treated with 1 μM CytD for 17·5 h, they rounded up and nuclear localisation of Sox9 was again apparent ( Fig. 4C; n=6 ). Nuclear localisation of Sox9 was also evident in USWT aggregates of cells following 3 h levitation ( Figure 4D ; n= 10); however, there was no nuclear localisation of Sox9 in cells that had been plated out for 3 h ( Fig. 4E; n=8) . When 3 h USWT aggregates were removed from the USWT and plated out in monolayer for a further 3 h, there was a subsequent reduction in the nuclear localisation of Sox9 ( Fig. 4F; n=8 ). There was no nuclear localisation of Sox9 in cells that had been plated out as a monolayer and subsequently exposed to the same regime of ultrasound ( Fig. 4G; n=2 ).
Discussion
The current study was designed to determine how initial intercellular interactions could initiate chondrogenesis in limb buds in vitro, independent from contact with an artificial substratum. Cells in the USWT began to form 2-D monolayer aggregates within 30 s of commencing ultrasound exposure. This process was essentially complete within 2 min. The majority of initial cell-cell contact events occur within this time, giving a synchronised zero timepoint for studying cytoskeletal remodelling and the initiation of chondrogenesis en masse. In contrast, methods such as micromass culture that retain some contact with an artificial substrate have no defined zero time-point from which to study cell-cell interactions in real time en masse. Aggregation occurred more rapidly at a higher cell concentration and the time required for aggregation was comparable with previous studies employing the USWT. Neural cell (C6), chondrocyte and HepG2 cell aggregates all began to form within 30 s of commencing sonication and were complete within 5 min (Bazou et al., 2005a; Bazou et al., 2006; Edwards et al., 2007) . Aggregates of chick wing bud cells had begun to develop physical integrity by 30 min, twice as long as for HepG2 cells (Edwards et al., 2007) . Mature chondrocyte aggregates obtain physical integrity within 1 h (Bazou et al., 2006) . Ultrasound exposure did not compromise membrane integrity; hence cells remain viable following aggregation in the USWT. The USWT did not affect the viability of chick cells, C6 neural cells (Bazou et al., 2005a) or HepG2 liver cells (Edwards et al., 2007) . The influence of ultrasound may extend beyond inducing aggregation by directly affecting cells. However, this notion seems unlikely, since the aggregate forms at a pressure node where both pressure and the axial direct radiation force that bring the cells into close proximity are zero (Kuznetsova and Coakley, 2004) . At this scale, hydrophobic interactions and van der Waals forces influence intercellular attraction (Coakley et al., 2004) , and when two spherical particles of a diameter of 15 μm are brought closer than 50 nm together (at an acoustic pressure of 0·27 MPa), these outweigh any attractive acoustic forces between particles (Bazou et al., 2005b) . Membrane spreading and morphological changes following cell-cell contact are a biological phenomena and are not influenced by ultrasound, as they were inhibited when HepG2 cells incubated with CytD were brought together in the USWT (unpublished data).
Plated out wing bud cells initially adopted a fibroblastic morphology, whereas cells in the USWT followed a distinct pattern of morphological changes during aggregation. Cell packing and membrane spreading between cells led to flattened edges at points of contact. Cell compaction and membrane spreading at the contact zone between cells brought together in the USWT (Bazou et al., 2005a; Coakley et al., 2004; Coakley and Bazou, 2005; Edwards et al., 2007) leads to reduced intercellular space (Coakley et al., 2004) . These changes are comparable to compaction during prechondrogenic condensation in the developing limb, where cell density is increased without proliferation , leading to increased cell packing and a loss of intercellular spaces (Thorogood and Hinchliffe, 1975) .
Reorganisation of F-actin following cell-cell contact occured rapidly, and within 11 min resembled F-actin in stage 23 chick wing bud cryosections, e.g. a peripheral or cortical distribution. Unlike plated out cells, there were no stress fibres. This has also been observed in USWT aggregates of C6 neural cells (Bazou et al., 2005a) , chondrocytes (Bazou et al., 2006) or HepG2 cells (Edwards et al., 2007) . Stabilisation of junctional F-actin and the development of physical integrity occurred on the same timescale. Previous studies of actin reorganisation following cell-cell contact have employed cells grown on an artificial substrate, often using a 'calcium switch' to induce cadherin-mediated cell-cell contact (Ivanov et al., 2004; Zhang et al., 2005) . Adhesion molecules such as cadherins (Goodwin and Yap, 2004; Leckband and Prakasam, 2006; Prakasam et al., 2006) and cell adhesion molecules (CAMs) (Crossin and Krushel, 2000; Walmod et al., 2004) (Gao et al., 2006; Modarresi et al., 2005) and coordinate cytoskeletal remodelling (Bamji, 2005; Goodwin and Yap, 2004; Yap and Kovacs, 2003) . Both F-actin and E-cadherin are required for strong intercellular adhesion between mouse sarcoma cells brought together using a pair of micropipettes (Chu et al., 2004) . By rapidly generating 2-D aggregates of chick limb bud cells in the USWT, their behaviour following cell contact can be used to model the early stages of prechondrogenic condensation in vitro, away from contact with an artificial substrate. Contact with an artificial substrate can inhibit the expression of a chondrogenic phenotype (Zanetti and Solursh, 1984) . To determine how cell shape, cytoskeletal architecture, cell-cell contact and cell-substrate contact can influence chondrogenesis, expression of the chondrogenic transcription factor Sox9 was employed as a biomarker. In stage 23 chick wing buds, Sox9 demonstrated strong nuclear localisation, which was lost when cells were isolated and plated out for 24 h. Nuclear localisation of Sox9 was recovered when cells were treated with CytD, along with the adoption of a rounded morphology and a loss of F-actin stress fibres; as seen in plated-out mature human chondrocytes (Tew and Hardingham, 2006) . When plated out cells were levitated as an aggregate for 3 h in the USWT, Sox9 again became localised to the nucleus. Moreover, when these cells were plated out for a further 3 h, there was a reduction in nuclear Sox9, suggesting that contact with an artificial substrate directly influences the expression of a chondrogenic phenotype. These cells remained in contact with one another (comparable to cells in a high-density micromass culture), and so it is suggested that this loss of Sox9 occurs due to reorganisation of the F-actin cytoskeleton, rather than a loss of cell-cell contact. Sox9 expression can be increased in murine embryonic stem cells within 4 h by disrupting cytoskeletal organisation with CytD (Zhang et al., 2006) . Cell shape, actin distribution and Sox9 expression were comparable in cryosections and USWT aggregates (e.g. a rounded morphology in tightly packed cells, showing peripheral F-actin organisation and nuclear localisation of Sox9). These differed from cells that were plated out on an artificial substrate, which had a flattened morphology, F-actin stress fibres and did not express Sox9, demonstrating that cell morphology and cytoskeletal architecture seen in plated out cells directly contributes to a dedifferentiated phenotype.
Previous reports have suggested that pulsed ultrasound exposure can enhance Sox9 expression (Hsu et al., 2006; Ikeda et al., 2006; , which may explain the expression of Sox9 in cells levitated in the USWT. A constant pressure of 4·5 kPa applied to stage 23 chick wing bud cells embedded in agarose had no effect on chondrogenesis by day 8, but a cyclic pressure of 9·0 kPa doubled the number of cartilaginous nodules by day 8 (Elder et al., 2000) . However, the USWT is not a pulsed source, and so this possibility may be discounted. The acoustic pressure in the half-wavelength USWT has previously been determined to be 110 kPa (Edwards et al., 2007) , and the acoustic pressure experienced at the pressure node where the aggregate forms is zero (Kuznetsova and Coakley, 2004) . The important parameter in ultrasound systems is the pressure, as it is a physical parameter transferable to other systems for comparison. The pressure in both systems was calculated and shown to be of the same order of magnitude (110 kPa). Furthermore, the position of the cells relative to the transducer and reflector was identical in both systems (for a schematic representation, refer to Kuznetsova and Coakley, 2007) . Cells plated out on slides and exposed to the same regime of ultrasound in the quarter-wavelength USWT showed no increase in the nuclear localisation of Sox9, confirming that ultrasound exposure in the USWT could not directly influence chondrogenesis.
Through the employment of the USWT, we have been able to study the initial cell-cell interactions that initiate chondrogenesis during limb development independent from cell-substrate interactions. During condensation, cells come together and are compacted and take on a rounded morphology, show peripheral actin organisation, form adhesive complexes and gap junctions, then begin to express Sox9 (Coelho and Kosher, 1991; Kulyk et al., 2000; Oberlender and Tuan, 1994; Tuan, 2003) . These processes may initiate chondrogenesis in the developing embryo. Previously, it has not been possible to study these initial interactions en masse. The USWT allows these phenomena to be studied with a defined zero time-point and free from contact with an artificial substrate.
